Numerous dendro-climatic reconstructions have been developed for China, but there are still regions with limited data of this type. One region is the Qinling Mountains which is characterized by complex interactions between the mountains and climate. Presently, the subalpine region of the Qinling Mountains is covered by widespread forests and has great potential for dendroclimatological studies. Here we developed tree-ring width chronologies from two fir (Abies faxoniana) and one spruce (Picea brachytyla) sites in the Baishui River Nature Reserve, the western region of the Qinling Mountains, China. Climate response analysis reveals that radial growth of the fir site (TLD) is mainly controlled by temperature variations. The TLD chronology accounts for 32.7% of February -June temperature variance during the period 1959 -2006. Using a linear regression approach, we reconstructed the February -June temperature of Wen County for the past 252 years. The cool periods are identified for AD 1795 -1800, 1812 -1827, 1881 -1888, 1895 -1902, 1916 -1929, 1967 -1972 and 1978 -1995 . Warm conditions prevailed during AD 1783 -1794, 1801 -1811, 1828 -1856, 1867 -1880, 1889 -1894, 1903 -1915 and 1930 -1966. Wavelet analysis reveals the existence of some cycles (2.0 -3. 4, 5.7, 10.0 and 19.3 years). Spatial correlation analysis shows that the temperature reconstruction captures regional climatic variations over Central and Southwest China. The moving t-test indicated an abrupt warming change of our reconstruction occurred during the past 20 years. Overall, our study indicates the feasibility of combining tree-rings and the temperature to reconstruct large-scale temperature patterns over this area.
INTRODUCTION
With their high resolution and reliability, tree rings provide one of the best sources of proxy climate data. Depending on the locations and strength of climate forcing, information concerning different climatic variables can be recovered on centennial to millennium timescales (Cook et al. 1991; Briffa et al. 1992; Lara and Villalba 1993; Bräuning 2001; Grudd 2008; Shao et al. 2010) . Furthermore, large-scale climate variations have also been successfully reconstructed (Jones et al. 1998; Mann et al. 1999; Briffa 2001; Esper et al. 2002; Moberg et al. 2005; D'Arrigo et al. 2006) . Trees growing close to the high altitudinal or latitudinal treeline respond to temperatures; several temperature reconstructions at high altitude have been made using tree-ring data from the Northern Hemisphere (Cook et al. 2003; Esper et al. 2003; Bräuning and Mantwill 2004; Büntgen et al. 2008; Fan et al. 2009; Wang et al. 2009; Chen et al. 2010) .
Many sample sites and species in Asia are suitable for studies of dendroclimatology, including the Qinling Mountains. The Qinling Mountains are an east-west oriented 1500 km long mountain range in central China. It is an important geographic demarcation line and the most critical boundary for climate and vegetation distribution in central mainland China, separating southern and northern regions of China. Because of its size, high elevation and east-to-west arrangement, the Qinling Mountains constitute a huge physical obstacle for the movement of the synoptic regimes of China and are thus critical to the distribution of climate zones in China. Many dendrochronological studies have been carried out in the central and east Qinling Mountains and adjacent regions (Hughes et al. 1994; Shao and Wu 1994; Liu and Shao 2003; Garfin et al. 2005; Dang et al. 2007; Liu et al. 2008) . However, no dendrochronological study has yet focused on climate variability in the western Qinling Mountains.
To better understand the tree growth-climate relationships in the western Qinling Mountains, the climate response of Fir (Abies faxoniana) and Spruce (Picea brachytyla) at different elevation sites from the Baishui River Nature Reserve in the western Qinling Mountains was investigated. Tree-ring widths were then assessed for their usefulness in providing stable reconstructions of climate. Finally, we then analyzed the climatic signals in tree-ring widths in the upper elevation site for the past 252 years.
MATERIALS AND METHODS

Study Area
The study areas are located near the Baishui River between the Min and western Qinling Mountains, southwest China (Fig. 1 ). There are four vegetation zones arranged with elevations varying from 700 to 3200 m along the southern slope of the Mountains. The fir-spruce forest extends from 2600 to 3200 m, which is the upper elevation limit of the forest distribution, called the fir-spruce forest line or more generally, the treeline. The treeline is actually a transition zone between fir-spruce forests and alpine meadows which is composed of fascicular fir and spruce trees and trees islands. They are dominated by fir (Abies faxoniana) and spruce (Picea brachytyla) (Fig. 2) . The soil types are dark brown coniferous forest soils. The study areas were chosen for the following reasons: (1) the areas are unlikely to be affected by anthropogenic activity. (2) fir-spruce treelines around the western Qinling Mountain area are typical fir-spruce treelines in Southwest China. (3) The zone is a transitional zone between a subtropical and warm temperature zone in Southwest China.
The climate of this region is strongly influenced by the Asian monsoon. At the treeline, the climate characterized by cold and windy conditions in winter, rainy and wet conditions in summer. At the meteorological station in Wen County (32°57'N, 104°40'E, 1014.3 m a.s.l.), the mean annual precipitation is about 441.5 mm while the mean annual temperature is 15.0°C (average temperatures of January and July are 3.9 and 24.9°C from 1959 to 2006, respectively). July is the hottest month while July is also the wettest month Fig. 1 . Sampling sites and meteorological stations. (Fig. 3) . The mean annual frost-free period is 238 days while the mean relative humidity is 60%.
Tree-Ring Sampling and Chronology Development
Spruce (Picea brachytyla) and fir (Abies faxoniana) were sampled at three sites for the analyses performed herein. The sites are located in the Baishui River National Nature Reserve. To minimize non-climatic effects on tree growth, only trees with no injury and disease were sampled. Two cores were taken from each tree with increment borers. In all, 126 cores from 63 trees were collected. Site information, including latitude and longitude, species, slope, length of chronologies, and tree number, is listed in Table 1 . Site elevations are generally around 2800 m or above. Coniferous species typically grow at these altitudes, and broad-leaved species at lower elevations. The slopes range from 20 to 50%, and are generally 20 -30%. The mean correlations of the individual cores (with master) range between 0.471 and 0.549.
After mounting and progressively sanding to > 400 grit, the cores were subjected to standard dendrochronological methods (Cook and Kairiukstis 1990) . After annual ring widths were measured to the nearest 0.001 mm using a Velmex measuring system, we used the program COFE-CHA (Holmes 1983) to test the accuracy of visual cross-dating and measurement of ring widths. Each individual ringwidth series was standardized with a fixed 80 year spline function in order to remove non-climatic trends due to age, size, and stand dynamics (Fritts 1976) . Standardization was performed using the ARSTAN program (Cook and Kairiukstis 1990) . The detrended data from individual tree cores were combined into site chronologies using a bi-weight robust mean (Cook and Kairiukstis 1990) . When outliers (abnormal narrow and wide rings caused by individual factors except climate) are present, the arithmetic mean is no longer a minimum variance estimate of population mean, and may be biased (Cook and Kairiukstis 1990) . The bi-weight robust mean minimizes the influence of outliers, extreme values or biases in tree-ring indices (Cook and Kairiukstis 1990) . The variance in chronologies was stabilized in the chronology compilation process with the Briffa Rbar-weighted method, which uses average correlations between series in combination with sample size each year to make adjustments in the variance for changes in sample size (Osborn et al. 1997) . The ARSTAN program produces three versions of standardized chronologies: Standard, Residual and Arstan (Fig. 4) .
We used the expressed population signal (EPS), which represents the degree to which a particular sampling portrays a hypothetically perfect chronology (Wigley et al. 1984 ) as a guide in evaluating chronology reliability. The level of 0.85 for EPS is considered to indicate a satisfactory quality of a chronology.
Methods
The relationship between tree-ring indices and the climatic data was analyzed using program SPSS and DEN-DROCLIM2002 (Biondi and Waikul 2004) . All statistical procedures were evaluated at a p < 0.05 level of significance. Tree growth can be influenced by climate conditions in current and previous years (Fritts 1976) . Therefore, the local climate data (Wen County) with ring width series were examined from the previous July to the current September in the response function and correlation analysis. Partial correlation analyses between radial increment and climate were also used to avoid the inter-correlation among climatic variables. In order to avoid over-fitting, the stepwise regression analysis was used to reconstruct the climate of the western Qinling Mountains. Because the climate record is not long enough to be divided into calibration and verification sections, the leave-one-out cross-validation method was used to evaluate the goodness-of-fit of the model (Blasing et al. 1981) . Statistics used to test the reliability of the reconstruction models included the reduction of error (RE), coefficient of efficiency (CE) statistics, the sign test, the Pearson's correlation coefficient and the product means test statistics (PMT) (Fritts 1976; Cook and Kairiukstis 1990) .
Wavelet analysis was used to investigate periodicity of temperature reconstruction. Wavelet analysis allows the detection of significant periodic signals (waveforms) by expanding a one-dimensional time series into a two-dimensional time-frequency space. This method allowed the simultaneous representation of the dominant modes of variability (periodic signals) and the variation of those modes over time (Torrence and Compo 1998) . The wavelet function used in the study was a Morlet wavelet with a wave number of six, and the wavelet power significant at the 5% level was tested against a red noise process. The moving ttest was used to detect abrupt changes and trends within the reconstruction period (Sneyers 1992; Fraedrich et al. 1997) . To demonstrate that our reconstruction represents regional temperature variations, we conducted spatial correlations between our temperature reconstruction and the gridded temperature dataset of CRUTS3.0 (Climate Research Unit, Mitchell and Jones 2005) for the period 1901 -2006 using the KNMI climate explorer (http://climexp.knmi.nl; Trouet and Oldenborgh 2013). Table 2 shows the statistics of the chronologies produced by the standardization program ARSTAN based on tree-ring widths from the three sites. The strength of signals expressed by the tree-ring indices increased with the increase in the number of sample replications. Consequently, the chronology intervals used in the analysis were 1728 -2006 and 1806 -2006 for the TLZ chronology which contained at least five sample replications for each year. In general, higher signal-to-noise ratios (SNR) and expressed population signals (EPS) indicating that the radial growth of different trees was responding to common factors (Cook and Kairiukstis 1990) . The TLX and TLD chronology had higher a EPS and SNR compared with the TLZ chronology. The first-order autocorrelation (AC1) for the three chronologies ranged from 0.602 to 0.774 which showed that the conditions that cause a ring to be narrow (or wide) in one year tend to carry over their effect on the growth of the following year. Variance in first eigenvector (VFE) accounted for 33.6 -38.7% of the variance in the site chronologies. The mean sensitivity (MS) of three chronologies was rather small; nevertheless; it was enough to obtain accurate results with response function methods (Rolland 1993) . The three chronologies of the western Qinling Mountains showed a common signal though with an altitude difference of 300 m (Table 3) .
RESULTS
The Characteristics of Tree-Ring Width Chronologies
Climate Response Analysis
In the view of the coefficients of all the response functions (Table 4) , 10 significant coefficients occurred in the growth season (March -September) compared with 8 in the other 8 months. Correlations between tree-ring widths and precipitation are found to be not significant (with the exception of November of the previous year and June of the current year). This indicates that ring widths are better at reflecting temperature than precipitation conditions. Fifteen significant coefficients in monthly mean temperature and monthly maximum temperature are more than 1 significant coefficient in monthly minimum temperature. Twelve significant coefficients between the TLD chronology and To investigate the climate-tree-ring relationship in more detail, we screened the tree-ring chronologies in a correlation analysis with the seasonal combinations of temperatures and precipitation from the previous July to current September. The upper-elevation chronology (TLD) shows a significant positive response to the temperature of the premonsoon season. The highest correlation is 0.572 (p < 0.01) between tree-ring width and the monthly mean temperature (February -June).
The temperature (February -June) reconstruction
Based on the above climate response analysis results, mean February -June temperature is the most appropriate predictor for reconstruction. A regression equation of the mean February -June temperature of Wen County on the tree-ring width chronology (TLD) for the calibration period 1959 -2006 was developed.
The resulting statistics of leave-one-out cross validation are shown in Table 5 . Both the RE and CE are strongly positive for both of the calibration periods, indicating considerable validity in the reconstruction model. The results of the sign test which describes how well the predicted value tracks the direction of actual data exceed the 95% confidence level. The product means test is found to be significant at the 0.001 level. These results indicate that the model used here passed the critical tests for verification and was optimized by achieving the greatest predictive capability for the fewest independent variables. Highest correlation of 0.784 was revealed after decadal-scale band-pass filtering (10 years), indicating that the strong climate signal is retained at lowfrequency band. Temperature data for the full 1959 -2006 period was then used to calibrate the final reconstruction (Fig. 5) . The final temperature reconstruction explains 32.7% of the variance and extends from AD 1755 -2006.
The reconstructed and 10-year low-pass filtered February -June temperature in Wen County is presented in Fig. 6 . The reconstruction contains considerable low-frequency climate variations during the past 252 years. The long-term mean of the temperature reconstruction over the period AD 1755 -2006 is estimated at 15.24°C. According to the reconstruction, cool periods with below-average temperature occurred in AD 1795 -1800, 1812 -1827, 1881 -1888, 1895 -1902, 1916 -1929, 1967 -1972 and 1978 -1995. Among them, interval AD 1812 -1827 witnessed the most severe and extended cool episode in the western Qinling Mountains over the past 252 years. The warm periods with the temperature higher than mean occurred in AD 1783 -1794, 1801 -1811, 1828 -1856, 1867 -1880, 1889 -1894, 1903 -1915, 1930 -1966 . There are some stable periods among cool and warm periods. 1817 (14.28°C) and 1892 (16.22°C) are reconstructed as the most extreme years.
The wavelet analysis over the full range of our reconstruction revealed some low-and high-frequency cycles (Fig. 7) . Low-frequency peaks were found at 19.3 years (at 95% level) and 10.0 years (95%). The decadal cycles suggest the influence of solar forcing on the climate there (Shao and Fan 1999; Yu et al. 2012) . Other significant peaks were found at 5.7 year (95%) and 2.0 -3.4 year (95%). Most of these interannual cycles fall within the range of the El Niño-Southern Oscillation (ENSO) variability (Allan et al. 1996) , suggesting strong teleconnections between ENSO and the climate variability in southwestern China (Li 1989; Fan et al. 2008a) .The application of a moving t-test showed that there were six abrupt points in the temperature reconstruction, included 1812, 1827, 1849, 1880, 1986 and 1995. Table 5 . Leave-one-out cross-validation statistics for reconstruction of February-June temperature in Wen County based on tree-ring index of the TLD chronology. Our reconstruction is associated with a temperature field north of approximately 25 -38° latitude with a large east-west extension. The highest correlations occurred in the Sichuan-Shanxi-Gansu border region where the '5.12' Wenchuan earthquake happened, especially in south Gansu (Fig. 8) . The results confirm that our temperature reconstruction captures broad-scale regional climatic variations.
DISCUSSION
In general, tree-ring width data at the upper-elevation sites studied were highly correlated with temperature, rather than with precipitation. Our study also showed that the correlations between tree-ring widths and growth season temperature were higher at the upper-elevation site than lower-elevation site. For the upper-elevation site, higher temperatures could result in melted snow cover and increased soil moisture, leading to an advanced onset of the growing season. The temperature starts rising in March; April and May is a comparatively warm period. The climate of this region is strongly influenced by the Asian monsoon. The windward slopes of the study areas can receive 250 -300 mm rainfall in the monsoon season. Although June and July are hot, moisture stress is no longer a problem because of the beginning of monsoonal rains. Therefore, precipitation is not the main factor limiting the radial growth of spure-fir trees in the western Qinling Mountains. Such a higher temperature and plentiful rainfall can lead to high radial growth at the upper-elevation site (TLD).
Evidence of warm periods in the 1780s and in the 1800s were reported from northeast Tibet (Gou et al. 2007 ), the central Hengduan Mountains (Fan et al. 2008b) , the western Himalaya (Hughes 2001; Yadav et al. 2004 ) and Nepal (Cook et al. 2003) . The warm period from 1828 to 1856 has also been detected by Wu et al. (1988) and Fan et al. (2008b) in the Hengduan Mountains. The warm 1850s are consistent with the warm winters in the eastern Tibetan Plateau (Bräuning 2006) and warm summers in Kashmir in the western Himalayas (Hughes 2001) . The warm period from 1930 to 1966 has also been documented by Fan et al. As shown in Fig. 8 , some significant areas of correlation were found on the Indian subcontinent suggesting that our study region is affected by the regimes of the south Asian monsoon. To further investigate the common large-scale temperature signals of the south Asian monsoon region, we compare the new record with the February -June temperature reconstruction of Kathmandu (Nepal). The correlation coefficient between our temperature reconstruction and Kathmandu reconstruction is 0.261 (p < 0.01), and increasing (0.402, p < 0.01) coherence after a filtered 10-year low-pass (Fig. 9) . The two temperature reconstructions indicate the occurrence of unusually cold temperatures in 1812 -1827. The tree growth in Europe and North America was greatly limited by the unusually cold temperatures in 1815 and 1816 (Filion et al. 1986; Lamb 1995; Briffa et al. 1992; Davi et al. 2002; Davi et al. 2003; Bräun-ing and Mantwill 2004; Büntgen et al. 2008; Fan et al. 2009; Wang et al. 2009 ). This may be linked with the volcanic eruption of Tambora (Indonesia) in April 1815. This eruption probably influenced the atmospheric circulation patterns of the monsoonal currents, and has been linked with the strong depression in tree growth in the south Asian monsoon region (Fan et al. 2008b) . Wavelet analysis of the reconstructed temperature series suggested the existence of a 19-year climatic cycle during the period 1780 -1830, which indicated that the beginning of cooling may be earlier than 1815. It indicates this period is not only affected by the tropical eruptions, but also along with cooler conditions due to low solar activity in the Dalton minimum. Cold periods during the 1881 -1888 and 1895 -1902 found in the present study are consistent with low temperatures in neighboring regions (Fan et al. 2010) . However, temperature changes in our study area diverge considerably from that reported for Nepal during the two cold periods (Cook et al. 2003) . The radial growth of the TLD site seemed to respond better to volcanic eruptions (Simkin and Siebert 1994) . Taken together, the volcanic eruptions may have affected a large area in southwest China. Warming in the 20 th century has been observed in treering reconstructions of temperature from widespread regions of Eurasia (Jacoby et al. 1996; Briffa et al. 2002; Gou et al. 2007; Büntgen et al. 2008; Chen et al. 2010 ). Based on instrument data and other proxies, Wang et al. (2004) showed that temperature anomalies during the period 1920 -1950 are noticeably positive over China throughout the last century. Warm conditions around 1950, and the cool period around 1970 were also reported in west Sichuan (Shao and Fan 1999) , the central Hengduan Mountains (Fan et al. 2008b) and Tibet (Bräuning and Mantwill 2004) . The pronounced negative summer temperature trends around 1970. The cold period of the 1970s is noted not only in adjusted Nepal and China areas (Shao and Fan 1999; Bräuning and Mantwill 2004; Fan et al. 2008b ), but also in other areas of the northern hemisphere (Briffa et al. 2001; Esper et al. 2002; Büntgen et al. 2008) . This is probably the consequence of enhanced rainfall in Wen county and thus of increasing monsoon intensity (Bräuning and Mantwill 2004) . The moving t-test indicated that the strongest abrupt warming change of our reconstruction occurred in 1995. Temperature reconstructions based on ring widths and densities indicated a warming trend occurred in 1990s in southwestern China and Tibetan Plateau, which coincided with the 20 th century warming (Shao and Fan 1999; Bräuning and Mantwill 2004; Song et al. 2007; Fan et al. 2008b; Wu et al. 2008; Fan et al. 2009; Duan et al. 2010) . The tree-ring data in Mongolia and Siberia revealed a similar abrupt rise of temperatures in the late 20 th century (Jacoby et al. 1996; Briffa et al. 2002) . Giant pandas in the Baishui River Nature Reserve may be shifting their habitats northward because of the combined impact of this warming trend (Wu and Lv 2009; Tuanmu et al. 2013) . The February -June temperature reconstruction of Kathmandu ended at AD 1991, so it did not reflect the extent of recent warming (Cook et al. 2003) .
CONCLUSION
We compared tree-ring width chronology characteristics and climate-growth responses of high-elevation conifers along an elevation gradient in the western Qinling Mountains. As indicated by climate response analysis, the temperatures of a pre-monsoon season (February -June) have a strong influence on ring width at the upper elevation site. The mean February -June temperature for the past 252 years was reconstructed for Wen County in the western Qinling Mountains. The reconstruction explained 32.7% of the variance of the instrumental temperature over the common period 1959 -2006 . According to the reconstruction, cool periods with below-average temperature occurred in AD 1795 -1800, 1812 -1827, 1881 -1888, 1895 -1902, 1916 -1929, 1967 -1972 and 1978 -1995 . The warm periods with the temperatures higher than the mean occurred in AD 1783 -1794, 1801 -1811, 1828 -1856, 1867 -1880, 1889 -1894, 1903 -1915, 1930 -1966 . The temperature reconstruction in Wen County is representative of a large-scale regional temperature variability extending to areas to its south and east and corresponds well with a temperature reconstruction of the pre-monsoon season from Kathmandu, Nepal. As indicated by the two reconstructions, the cold years from 1812 -1827 is the most severe and long-lasting since AD 1752. During the past 20 years, the strongest increase of temperatures during the last 252 years can be observed and are almost at the same level than during the warmest period observed. This temperature maximum will soon be topped, if the warming trend observed for the last 20 years will continue.
